All relevant data are within the paper and its Supporting Information files.

Introduction {#sec006}
============

The most common cancer types in childhood are leukemia and brain tumors which constitute over half of the malignant tumors in children \[[@pone.0165040.ref001]\]. The etiology of childhood cancers remains largely unknown, except for some rare genetic conditions \[[@pone.0165040.ref002]\]. It has long been suspected that the initiation of childhood cancer must occur during prenatal development. Yet, most childhood cancers remain unexplained and only very few exposures have been robustly associated with childhood cancer or cancer in young adulthood: maternal use of diethylstilbestrol, a synthetic estrogen, and vaginal and cervical cancer in the daughter, and x-ray exposure and leukemia \[[@pone.0165040.ref003]\]. Numerous other factors are suspected to be associated with increased risk of childhood cancer, but epidemiological studies are inconsistent e.g. on alcohol consumption, industrial pollutants, occupational exposures, infectious agents, maternal age, and high birth weight \[[@pone.0165040.ref004]\]. Special focus has been paid on maternal tobacco smoking, because of the conclusive evidence for carcinogenicity of both active and passive (second hand) cigarette smoking \[[@pone.0165040.ref005]\].

The prevalence of smoking in women in Western Europe ranged between 5% and 30% in 2010 \[[@pone.0165040.ref006]\]. The highest smoking prevalence among women was in France where about a third of women reported smoking before pregnancy. About 16% of women smoke during the first trimester in Spain and Finland, and 19% in Scotland at an unspecified point during pregnancy. Many pregnant women experience difficulties in quitting smoking. *In utero* exposures have potentially devastating effects on the unborn child due to vulnerability during the fetal development leading either to direct health effects or to a higher susceptibility to develop diseases later in life through alterations in both the genome and the epigenome \[[@pone.0165040.ref007]\].

Carcinogenic tobacco smoke constituents and metabolites, such as polycyclic hydrocarbons, N-nitroso compounds, their precursors, and nicotine, have been shown to cross the placenta \[[@pone.0165040.ref008], [@pone.0165040.ref009]\]. Already more than a decade ago higher concentrations of DNA adducts related to cigarette smoke carcinogens have been isolated from cord blood of smokers compared to non-smokers \[[@pone.0165040.ref001]\]. Furthermore, evidence for a direct association between nicotine and cancer is emerging. Both genotoxic effects and the creation of a tumor-supporting microenvironment by nicotine have been observed in vitro and in animal studies \[[@pone.0165040.ref010]\].

Despite this biological plausibility, epidemiological studies on maternal smoking and cancer in early life are not consistent. In the last comprehensive meta-analysis focusing on the risk for all cancers in early life, a slight increase was observed. However, the review is 15 years old, and no clear association with any specific cancer type was noted \[[@pone.0165040.ref011]\]. More recent reviews have focused on specific cancer types, yet they also failed to identify consistent associations. A recent meta-analysis investigating the association of different maternal factors and childhood acute lymphoblastic leukemia (ALL) found a significantly increased risk with smoking at any point in life compared to never smoking, but a more detailed analysis did not suggest a dose-response relationship \[[@pone.0165040.ref012]\]. Another recent meta-analysis of parental smoking and the risk of childhood brain tumors did not find any significant association between maternal smoking and childhood brain tumor risk. Subgroups analysis of different brain tumor types, study regions, study design, study sizes and publication year did not reveal any associations either \[[@pone.0165040.ref013]\].

No comprehensive meta-analysis looking at different childhood cancers has been published recently. By applying the same subgroup analyses to all cancers, some overarching pattern might emerge. These can hint at susceptible windows of exposure or susceptible subgroups, but as well at an underlying bias or problems in the study design. The subgroup analyses can give insight into the exposure-effect timeframe and study design considerations. As appropriate, we updated previously published meta-analyses with more recently published studies. The strength of our meta-analysis is that we applied more stringent inclusion criteria than in previous meta-analyses: in addition to a priori defined inclusion criteria, we excluded those studies, which analyzed overlapping study populations to avoid double counting. Overall, this work updates and extends previous meta-analyses by providing extensive subgroup analyses for eight childhood cancer types separately.

The aim of this work was to conduct a systematic review and meta-analysis of the possible association between maternal smoking and cancer in early life before the age of 20 years. Specifically our objective was to identify which cancer types could be most robustly associated with prenatal exposure to maternal smoking.

Material and Methods {#sec007}
====================

Search strategy {#sec008}
---------------

We systematically searched PubMed and Web of Science up until June 1^st^, 2015 for original studies examining the association between maternal smoking and the risk for any types of childhood cancer. The search terms were (prenatal OR maternal) AND (smoke OR smoking OR cigarette OR tobacco) AND (cancer OR tumor OR neoplasm OR malignanc\* OR leukemia OR retinoblastoma) AND (case-control OR cohort OR epidemiolog\*). Reference lists of identified articles, as well as those of reviews and meta-analyses, were also searched for relevant articles. The search included any language in PubMed, but search terms were defined in English.

Study selection {#sec009}
---------------

Search results were evaluated using pre-defined inclusion criteria (see below). Finally, 62 original research papers covering eight types of cancer, and 12 of their subtypes, were available for the meta-analyses ([Fig 1](#pone.0165040.g001){ref-type="fig"}).

![Systematic literature search.\
PubMed and Web of Science results and reference lists of the papers produced a total of 880 unique hits. Finally, 62 original research papers covering eight types of cancer, and 12 of their subtypes, were available for the meta-analyses (Tables A-C in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). NS: nervous system; c.: cancer.](pone.0165040.g001){#pone.0165040.g001}

Abstracts were first screened to exclude animal studies, *in vitro* studies, reviews and meta-analysis, and commentaries. The full text of the remaining citations was screened for the following inclusion criteria:

-   Original epidemiological studies enrolling cancer patients younger than 20 years

-   Data on maternal smoking during the index pregnancy (= pregnancy under study) were reported

-   Quantitative risk estimates (odds ratio, relative risk or hazard ratio) with 95% confidence interval for each study or raw data to calculate these parameters were reported

-   The reference group for calculation of risk estimates were children without cancer, whose mothers did not smoke during the index pregnancy

During the review of all relevant articles, overlaps in the study populations of the individual studies have been noted. In order to avoid double counting, the smaller studies (lower number of cases) and/or those studies with less detail, for example only qualitative smoking status assessment and no risk estimates for cigarettes smoked per day, have been excluded (Tables A and B in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). The 62 original studies fulfilling the selection criteria are characterized in the Table C in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}.

Data extraction {#sec010}
---------------

The data extracted from the articles was stored in an overview table. In case of missing information of the exposure status of cases and controls in the study, the authors were contacted to obtain these data \[[@pone.0165040.ref014], [@pone.0165040.ref015], [@pone.0165040.ref016], [@pone.0165040.ref017], [@pone.0165040.ref018], [@pone.0165040.ref019], [@pone.0165040.ref020]\].

Statistical analysis {#sec011}
--------------------

Odds ratio (OR) was used as a measure of the association between maternal smoking and the risk of childhood cancer, when case control studies (resulting in OR) and cohort studies \[resulting in hazard ratio (HR) or risk ratio (RR)\] were included in the same subgroup analysis. Pooled estimates and the corresponding 95% confidence intervals (CI) were calculated using either a fixed effect model or a random effect model. Some studies reported only risk estimates for categories of cigarettes smoked per day. For such studies, we calculated an estimate for the nominal smoking status (smoking vs. no smoking) by pooling all exposed cases (and controls) across the categories of cigarettes smoked per day (CPD). It was not necessary to pool unexposed cases or controls, since all studies compared the smoking categories to the same unexposed children within each study. The pooled number of exposed cases and controls was then subsequently used to calculate the OR for any smoking during pregnancy compared to no smoking during pregnancy.

The Generic Inverse Variance Method was used to assign a weight to each study included in the pooled estimate \[[@pone.0165040.ref021]\]. In cases where there was not enough data to construct a 2X2 table, the 95% CI was used to calculate the standard error (SE) and estimate the variance. The pooled estimates were then created using the inverse of the study variance as the weight.

The Mantel-Haenszel Method was used to calculate the pooled estimate in the fixed effect model using the above introduced weight and the logarithm of each individual risk estimate \[[@pone.0165040.ref022]\]. In the random effect model the DerSimonian and Laird Method was used to calculate the pooled estimate \[[@pone.0165040.ref023]\]. In contrast to the fixed effect model it takes into account the variance between studies.

Cochran Q statistics (p value \< 0.1 as the level for significance) and Higgins et al. \[[@pone.0165040.ref024]\] I^2^ statistics were used to assess heterogeneity \[[@pone.0165040.ref025]\]. Thresholds for the interpretation of I^2^ were set according to the Cochrane Collaboration (2011a) (I^2^ \< 40% no heterogeneity; I^2^ = 40--59% moderate; I^2^ = 50--79% considerable; I^2^ ≥ 80% substantial heterogeneity). Both methods produced similar results for all analyses considered here (Tables D-to K.b in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). Both fixed effects and random effects model were calculated, but if there was evidence for heterogeneity, random effects model was chosen as the more reliable one.

Publication bias was assessed by funnel plots based on Egger's regression \[[@pone.0165040.ref026]\].

Leave-one-out sensitivity analyses were performed, in which a pooled estimate was calculated after omission of each identified study in turn \[[@pone.0165040.ref012]\]. Differences between the results of sensitivity analysis were assessed with simple t-test (level of significance used was α = 0.01) (data not shown).

Subgroup analysis {#sec012}
-----------------

The different cancer types were analyzed separately, but an analysis of all the cancer types grouped together was not seen to yield relevant results, due to doubts about the validity of the approach. The etiology of different cancer types differs profoundly, and it is therefore assumed that smoking has different effects on different cancer types. Overall, eight cancer types were analyzed. In addition, six of these cancer types the identified studies reported risk estimates for more specific subtypes, which were then analyzed separately in an additional subgroup analysis ([Fig 2](#pone.0165040.g002){ref-type="fig"}).

![Cancer (sub)types which were analyzed according to exposure time window and exposure amount.\
Sensitivity analyses were conducted for nine study characteristics using studies reporting "any" smoking "during pregnancy". Exposure amount is given in cigarettes per day (CPD). PNET = primitive neuroectodermal tumor; ALL = acute lymphoblastic leukemia; AML = acute myeloblastic leukemia.](pone.0165040.g002){#pone.0165040.g002}

The level of detail of exposure information varied between the included studies. Some studies only reported "any smoking during pregnancy" with no quantification. In such a case exposure can essentially vary from occasional smoking before the knowledge of pregnancy to daily smoking throughout pregnancy.

The subgroups were pre-defined leading to many subgroups analyzing cancer subtypes, for which less than two articles were available. Mainly, the articles where grouped according to exposure time window, amount of daily smoking, study characteristics and geographical region. Each group consists of two to 17 categories ([Table 1](#pone.0165040.t001){ref-type="table"}).

10.1371/journal.pone.0165040.t001

###### Categories in subgroup analyses.

![](pone.0165040.t001){#pone.0165040.t001g}

  Subgroup                         Subgroup number        Category
  -------------------------------- ---------------------- ---------------------------
  **Exposure time window**         1                      3 months before pregnancy
  2                                During pregnancy       
  3                                1st trimester          
  4                                2nd trimester          
  5                                3rd trimester          
  6                                During breastfeeding   
  **Amount of smoking (CPD)**      1                      1 or more ("any" smoking)
  2                                1--10                  
  3                                1--20                  
  4                                11 or more             
  5                                10--19                 
  6                                21 or more             
  **Study characteristics**                               
  Study design                     1                      Case-control
  2                                Cohort                 
  Study size (No. exposed cases)   1                      \<50
  2                                50--99                 
  3                                100--149               
  4                                150--199               
  5                                200--249               
  6                                500--549               
  7                                600--469               
  Age at diagnosis (years)         1                      0--5
  2                                0--10                  
  3                                0--14                  
  4                                15--19                 
  Decade of cancer diagnosis       1                      1950--59
  2                                1960--69               
  3                                1970--79               
  4                                1980--89               
  5                                1990--99               
  6                                2000--09               
  Exposure source                  1                      Register
  2                                Interview              
  3                                Questionnaire          
  4                                Serum sample           
  **Geographical region**                                 
  Continent                        1                      Asia
  2                                Australia              
  3                                Europe                 
  4                                North America          
  5                                South America          
  6                                Multiple               
  Country                          1                      Australia
  2                                Brazil                 
  3                                Canada                 
  4                                China                  
  5                                Colombia               
  6                                France                 
  7                                Germany                
  8                                Greece                 
  9                                Israel                 
  10                               Italy                  
  11                               Spain                  
  12                               Sweden                 
  13                               the Netherlands        
  14                               United Kingdom         
  15                               USA                    
  16                               USA and Canada         
  17                               Multiple               

For each of the eight cancer types the identified original publications were further grouped based on exposure characteristics. The criteria for the grouping included the time of exposure, such as during any point in pregnancy (reported in the original studies as "during pregnancy"), a specific trimester (first; second or third), before or after pregnancy, as well as five categories for the number of cigarettes per day. Smoking amount has been categorized into "any", if no specific number of cigarettes per day (CPD) was reported, or into intervals (1--10 CPD; 11 and more; 10--19; 1--20; 21 and more). It was common for most articles to simply report "any" smoking "during pregnancy", and this appeared to be the convention when discussing most cancer types. Analyses were done for each cancer type and "any smoking during pregnancy" in combination with other study characteristics. Analyses were conducted for each type of data as to smoking source (serum sample; birth register; interview or questionnaire). Aspects of study design were taken into account by categorizing data according to the type of risk estimate (OR; RR; HR) and study design (case-control; cohort). The study size was categorized based on the number of exposed cases with cut-offs in 50 intervals (\<50; \<100; \<150; \<200; and so on). The decade of cancer diagnosis was assigned based on the year of mid-point in the period in which the cancer diagnosis was given. The child age at cancer diagnosis was classified into four categories based on the upper age limit for inclusion in the original study: the category of \<11 years includes all studies, which included cases diagnosed before the 11^th^ birthday, and in the age category of \<15 years the diagnosis was made before the 15^th^ birthday. The category with the youngest cases had an upper limit diagnosis before the 5^th^ birthday, and the oldest age category included studies with an upper age limit for inclusion of diagnosis made between the 15^th^ and 19^th^ birthday.

Analyses were conducted if at least two articles were available for inclusion. Out of the total 1160 possible groups 702 were empty, and 208 contained only a single study leaving 250 groups for which the meta-analysis could be completed ([Fig 3](#pone.0165040.g003){ref-type="fig"}).

![Planned subgroup analyses and number of identified articles for each analysis.\
Each row corresponds to one cancer (sub)type as listed in [Fig 2](#pone.0165040.g002){ref-type="fig"}. For column definition see [Table 1](#pone.0165040.t001){ref-type="table"}.](pone.0165040.g003){#pone.0165040.g003}

Overall, the studies were analyzed based on the most adjusted risk estimate, but for some studies only unadjusted risk estimates were available. These studies were categorized as adjustment of risk estimate "yes" and "no" respectively.

Results {#sec013}
=======

The systematic literature search identified 62 original studies covering 24 243 cancer cases published between 1982 and 2015 \[[@pone.0165040.ref027]--[@pone.0165040.ref088]\]. Most studies were of case-control design with only three cohort studies. More than one cancer type was analyzed in five studies, out of which three focused on lymphoma and leukemia cases, and two studies on a wider variety of cancers (Table A in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). Thirty one studies reported the risk estimates based on two or more categories differentiating the amount of smoking during the pregnancy, but the other 31 studies reported risk estimates for any smoking during pregnancy. Thirteen studies reported risk estimates for smoking during specific trimester(s). The study sizes ranged from 33 to 5788 cancer cases (for total number of cases included in the meta-analysis for each cancer type, see [Fig 4](#pone.0165040.g004){ref-type="fig"}; for the tabulated details of all studies, see Table C in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). Original studies reported cancer cases diagnosed in children younger than 15 or 19 years of age; age groups were analyzed separately as subgroups, but most analyses included all relevant studies independent from the age of diagnosis as long as it was before the age of 20 years. Information on smoking habits of the mother were mostly collected via interview or questionnaire, yet in a single study a maternal serum sample was analyzed for cotinine. Only 6 studies did not include cancer cases from a European or North American country, whereas the other 46 did.

![Pooled estimates of meta-analyses for eight studied cancer types.\
Lymphoma and brain cancers were associated with smoking during pregnancy at 95% confidence level. Random effects model was applied for leukemia only (see Tables A-K in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"} for additional information by cancer type).](pone.0165040.g004){#pone.0165040.g004}

Overall, out of the theoretically possible 1160 subgroup analyses, more than two original studies were available for 250 subgroup analyses ([Fig 3](#pone.0165040.g003){ref-type="fig"}). The number of articles included in each conducted subgroup analyses ranged from two to 22.

We examined the findings on eight cancer types reported in the original studies, and we chose between fixed or random effects models based on the Cochran Q and Higgin's I^2^ statistics. Maternal smoking during pregnancy was statistically significantly associated with early life lymphoma \[OR: 1.21 (95% CI: 1.05, 1.39); 6 studies covering 269 cancer cases\] and nervous system tumors \[OR: 1.09 (95% CI: 1.02, 1.17); 22 studies covering 1541 cancers\] ([Fig 4](#pone.0165040.g004){ref-type="fig"}). For the five other cancer types the associations did not reach statistical significance at the 95% confidence interval. The results for each cancer type are presented in more detail in below ([Fig 5](#pone.0165040.g005){ref-type="fig"}).

![Meta-analyses based on 62 original research articles for eight cancer types and any smoking during pregnancy (yes vs no).\
The final model selected according to heterogeneity analyses is indicated in blue. CI = Confidence Interval.](pone.0165040.g005){#pone.0165040.g005}

Sensitivity analyses using "leave one study out" method supported the robustness of the pooled estimates for both, the cancer type with statistically significant association, as well as for the seven other types with no significant association. Egger's plot analyses indicated no significant publication bias for either the positive (lymphoma and brain cancers) nor the negative findings (Figs A-L in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}).

Lymphoma {#sec014}
--------

Smoking during pregnancy was associated with childhood lymphoma, including Hodgkin lymphoma and non-Hodgkin lymphoma (Table D in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). Any smoking during pregnancy resulted in 21% increase in the risk \[OR: 1.21 (95% CI: 1.05, 1.39)\], based on the analysis of six studies ([Fig 5](#pone.0165040.g005){ref-type="fig"}). Case-control studies (3 studies) reported higher risk estimates reaching statistical significance in contrast to cohort studies (3 studies) with pooled ORs of 1.31 (95% CI: 1.06, 1.60) and 1.13 (95% CI: 0.92, 1.38) respectively. Due to the low number of identified studies no quantitative dose-response relationship could be assessed.

Smoking during pregnancy was associated with a 27% increase in the risk for non-Hodgkin lymphoma during childhood \[OR: 1.27 (95% CI: 1.07, 1.48); 5 studies\]. In general, smoking 1--10 CPD was associated with an increased risk, whereas smoking a higher number of cigarettes was not. The association was only significant in smaller studies (less than 50 exposed cases), yet not in bigger studies (50--99 exposed cases). Choice of source for smoking status of the mother seems to alter the risk estimate: pooled OR of studies using interview data was 1.53 (95% CI: 1.08, 2.14, 2 studies), whereas the pooled OR of studies using birth register data was 1.16 (95% CI: 0.93, 1.44), 2 studies) (Table D.a in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}).

No association between maternal smoking and risk of Hodgkin lymphoma was identified (data not shown).

Nervous system tumors {#sec015}
---------------------

This meta-analysis included the findings of 22 earlier studies to investigate the association between nervous system tumors and maternal smoking. In general, smoking during pregnancy was positively associated with childhood nervous system tumors \[OR: 1.09 (95% CI: 1.02, 1.17); 22 studies\] ([Fig 5](#pone.0165040.g005){ref-type="fig"}) (Table E in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). The association did not follow a clear dose-response. The pooled OR for 11--20 CPD was the only exposure category to reach statistical significance. Additionally, only the smallest studies with less than 50 exposed cases showed clear association, whereas the larger studies with 50--99 or 100--149 exposed cases did not. Subgroup analyses revealed that only studies conducted in Europe found an increased risk of nervous system tumors, whereas those conducted in North America did not. Furthermore, subgroup analysis of the smoking data suggests differences based on if the pooled risk estimate of the studies was obtained via questionnaires or via interviews: in the former the pooled risk estimate was statistically significant, yet in the latter it was not. When we excluded studies not reporting adjusted risk estimates, the difference did not reach significance, whereas the pooled OR for only those studies in which the risk estimate was unadjusted did \[OR: 1.15 (95% CI: 1.02, 1.29); 8 studies\].

Any smoking during pregnancy was associated with a 30% increase in the risk for Neuroblastoma during early life \[OR: 1.30 (95% CI: 1.10, 1.53); 5 studies\]. The subgroup analyses were conducted with only two to three studies per analysis. Nevertheless, the results suggest associations with 1--10 CPD as well as 20 or more CPD, in European study populations, in studies using questionnaire data and in studies without adjustment of the original risk estimate (Table E.a in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}).

No associations were found with medulloblastoma, primitive neuroectodermal tumors (PNET), astrocytoma and ependymoma (data not shown).

Leukemia {#sec016}
--------

The meta-analysis of studies reporting risk estimates for smoking during pregnancy and childhood leukemia included 21 studies. The analysis suggests no association between maternal smoking during pregnancy and leukemia in early life ([Fig 5](#pone.0165040.g005){ref-type="fig"}) (Table K in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). Maternal smoking was inversely associated with a leukemia diagnosis before the 5^th^ birthday and between the 15^th^ and 19^th^ birthday. Additionally, subgroup analysis of studies using register data for smoking information suggests a negative relationship.

The Meta-analysis of studies investigating the possible association between maternal smoking and acute lymphoblastic leukemia (ALL) were based on 19 studies (Table K.a in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}). Neither smoking during pregnancy nor during a specific trimester was significantly associated with ALL. Subgroup analyses of only the bigger studies (100--149 exposed cases), the age at diagnosis (0--5 years and 14--19 years), and smoking data source (birth register data) suggests an inverse relationship between maternal smoking and ALL.

Analyses of any smoking during pregnancy, as well as subgroup analyses for acute myeloblastic leukemia (AML) did not suggest an association between maternal smoking and AML. Only subgroup analysis including two studies conducted in South America yielded a significant inverse association (Table K.b in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}).

Cancer types with less than 1,000 cases included in the analyses {#sec017}
----------------------------------------------------------------

For the remaining five cancer types the total number of cases included in the studies ranged from 138 (bone cancer) to 641 (germ cells) ([Fig 4](#pone.0165040.g004){ref-type="fig"}).

No clear association between maternal smoking and cancer in early life was found for the following cancer types: germ cell tumors, hepatic tumors, renal tumors, soft tissue sarcoma, and bone cancer (Tables F-J in [S1 File](#pone.0165040.s001){ref-type="supplementary-material"}) ([Fig 5](#pone.0165040.g005){ref-type="fig"}). Additionally, no clear association with maternal smoking was observed for the cancer subtypes testicular tumors, hepatoblastoma, Wilms' tumor or rhabdomyosarcoma (data not shown).

Discussion {#sec018}
==========

In this meta-analysis, which was based on 62 studies and 24 243 cases of eight different types of cancer, statistically significant associations were identified for maternal smoking with childhood nervous system tumors and lymphoma, but not for the other cancer types included. However, the positive association for lymphoma did not hold up in the subgroup analyses including only cohort studies.

The number of lymphoma cases was 1047 and the number of nervous system tumors 6078. The number of leukemia cases was the largest (14,711), whereas cases of the five other cancer types were less frequent. The amount of cases in these cancer types ranged from 138 to 641. Thus, the positive association for nervous system tumors is supported with a larger dataset, similarly to the negative findings for leukemia.

Meta-analysis is a statistical method to pool results of different observational studies, and is therefore sensitive to uncertainties in the analysis itself, and to consequent uncertainties in the results which are used as input of the analysis. Possible sources of uncertainties are different study designs (difference in follow-up periods, exposure assessment, adjustment of risk estimate, confounding factors) of the included studies, as well as the publication bias. It has to be noted, that the included studies used various degrees of adjustment of the risk estimates. Additionally, the main focus of some studies was not maternal smoking, but it instead was only included as a confounding factor in another analysis.

Our results suggest that maternal smoking may have a protective effect especially on childhood leukemia. Although there is no clear explanation for these results, it has been hypothesized that benzo\[a\]pyrene, a constituent of tobacco smoke, causes generalized immunosuppression after birth. This immunosuppression caused by suppressed B-cell lymphopoiesis and induced pre-B-cell apoptosis in bone marrow cultures can lead to a lowered response to the impact of maternal smoking and with that lower risk estimates \[[@pone.0165040.ref029]\]. Other research suggest that the protective effect is indirect: prenatal exposure to tobacco smoke is associated with being born small-for-gestational-age. Being born small-for-gestational-age has a protective effect for childhood leukemia \[[@pone.0165040.ref078]\]. There is no explanation for the lack of risk (pooled OR \~ 1) for renal tumors, hepatic tumors, germ cell tumors or the statistically non-significant protective effect (pooled OR \< 1) for bone cancer and soft tissue tumors. The potentially protective effect of maternal smoking on these childhood cancer types may give insight into the underlying mechanisms about the development of these cancers. These findings should not be interpreted to suggest that smoking during pregnancy would be beneficial for the unborn child. Maternal smoking is linked with several other potential health hazards/risks, such as preterm birth, fetal growth restrictions, and other birth anomalies. Also, the effects of maternal smoking on late-onset cancers in the children have only been studied in few publications, yet.

The findings in the subgroup analyses of the risk for lymphomas gives some insight into the problem of epidemiological studies of childhood cancer. Although the overall pooled risk estimate for all identified lymphoma studies was positive \[OR: 1.21 (95% CI: 1.05, 1.39); 6 studies\], the subgroup analyses show different results based on the study design. In the subgroup analyses of different study designs, only the subgroup with case-control design shows the same clear picture \[OR: 1.30 (95% CI: 1.06, 1.60); 3 studies, 539 cases\], whereas the subgroup with cohort design does not indicate a clear association between maternal smoking and childhood lymphoma \[OR: 1.13 (95% CI: 0.92, 1. 38); 3 studies, 508 cases\]. Both subgroups were of similar size, minimizing the chance that the differences in the pooled risk estimates are due to major differences in the statistical power. It seems likely that the differences are due to inherent differences in the study design, e.g. the risk for recall bias, identification of cases, and adjustment for confounder. This should be kept in mind when interpreting our results, or the results of any other meta-analysis. These differences and limitations are discussed below.

Exposure misclassification {#sec019}
--------------------------

All studies included in this analysis were designed to study the association between exposure before birth and cancer in early life, before the age of twenty. Although adult cancers often have a latency time in the order of decades, the latency time for cancer in children is substantially lower with some cancers being observed already as early as at birth or at an age of less than one year. A long latency time and the use of case-control design, which was the most common design in the identified literature, can lead to exposure misclassification due to recall bias in observational studies \[[@pone.0165040.ref089]\]. Not only can recall bias decrease the reliability of smoking information in observational studies, but reporting bias is also an issue. Smoking during pregnancy is more and more socially unacceptable, and women tend to under-report their smoking. On the other hand, mothers of sick children tend to blame themselves for the sickness, or seek an explanation why their child suffers from cancer. Hence, they are often likely to remember and report exposures more frequently compared to e.g. control mothers. Furthermore, a change in the attitudes towards smoking, and the increasing awareness of harmful effects of smoking during pregnancy, might influence the honesty of the mother when asked about smoking during pregnancy, especially during interviews in which they have to recall their smoking habits. Prospectively collected information, as done in many cohort studies and register-based studies, reduces the reporting bias to some extent \[[@pone.0165040.ref004]\]. It is uncertain how much recall bias and reporting bias result in overall exposure misclassification. Nondisclosure rates to study interviewers varied between \<10 and 73% across different studies. The honesty of (expecting) mothers about their smoking habits is a complicated issue, which seems to be influenced not only by the time of collecting the information, but also by the way in which the information is collected. This includes e.g. the specific phrasing of the questions in interviews and questionnaires. Overall, smoking during pregnancy is likely to continue to be generally underreported \[[@pone.0165040.ref090], [@pone.0165040.ref091], [@pone.0165040.ref092], [@pone.0165040.ref093]\]. Smoking status recorded in birth registers may be of different quality due to the recoding practices, such as level of detail or recorded only in some cases and not routinely.

Study design {#sec020}
------------

The conducted subgroup analyses hint on bias due to study design in the results. Case-control design was associated with higher risk estimates compared to a cohort design. Additionally, birth register as a source of information about maternal smoking was consistently associated with lower risk estimates compared to retrospectively collected information via interviews or questionnaires. As discussed earlier in this paper, prospectively collected information on the smoking habits of the mother are considered less biased than information collected retrospectively. It is easier to reach a sufficient number of cancer cases for statistical power in case-control setting, since the cases can be identified directly. In addition, cases and controls can be contacted directly to collect data on smoking and confounders. Cohort studies require large study populations due to the very low incidence rate of childhood cancer and a long follow-up period. It is practically impossible to collect additional data from all study participants, if the study population is too large. Hence, both study designs have their advantages and disadvantages, but it is well recognized that prospective cohort studies are more reliable than retrospective case-control designs \[[@pone.0165040.ref004]\]. Thus, the results of our meta-analysis may overestimate the identified risk in the light that most included studies were of case control design.

Dose response assessment {#sec021}
------------------------

The subgroup analyses did not suggest any clear dose-response relationship for any cancer type. Smoking 10 or less CPD was associated with a significantly increased risk of lymphoma, whereas the pooled estimate for 11 or more CPD did not reach significance. No dose response pattern emerged for nervous system tumors, either. Smoking 11--20 CPD was significantly associated with the highest risk, whereas smoking more than 20 CPD was associated with the lowest increase in risk, and did not reach statistical significance. As for leukemia, a "U" shaped dose response curve was implicated. Smoking 20 or more CPD was associated with the highest risk, which still remained below 1. The second highest risk was observed for smoking 10 or less CPD. The absence of a dose-response relationship does not support causality. It also might hint, however, at the complex molecular reactions between exposure to tobacco smoke *in utero*, changes in the DNA over years and the development of cancer. A reason for the lack of dose response might be that the exposure assessment of maternal smoking is flawed. As stated earlier, pregnant women frequently underreport the number of cigarettes per day. The resulting exposure misclassification may cover any existing dose response relationship \[[@pone.0165040.ref090], [@pone.0165040.ref094], [@pone.0165040.ref095], [@pone.0165040.ref096]\].

Other limitations {#sec022}
-----------------

There was no clear effect by study size on the risk estimates pattern. For lymphoma, non-Hodgkin's lymphoma and germ cell tumors subgroup analyses for two study sizes (\<50 and 50--99 participants) was possible, while for nervous system tumors, leukemia and ALL analysis of all three study size subgroups were possible (\<50; 50--99; 100--149 participants). There was no consistency whether the pooled OR for the bigger studies was higher than for the smaller studies. Smaller studies usually have lower statistical power than bigger studies, which leads to higher variance in their risk estimates. However, this does not seem to heavily affect the general range of the risk estimates in our study.

As was expected, non-adjusted risk estimates were consistently higher compared to adjusted risk estimates. This pattern shows that certain choices in our study design are associated with higher risk estimates. This would in fact argue against the causal nature of the association, and instead in favor of a predominant role of bias. To minimize the effect of possible confounding in the original studies, the available most adjusted risk estimate was included in the meta-analyses. Only when no adjusted risk estimates have been reported in the original study, a non-adjusted risk estimate was used.

It has been hypothesized, that the observed increase in cancer cases in the past is partly attributed to improved diagnostics. In spite of that, sensitivity analyses of the time of the diagnosis or the publication year did not show any correlation with reported risk estimates for any cancer type. Additionally, co-exposures during pregnancy as well as exposures between birth and the development of cancer can confound the relationship. A special issue in our analysis is caused by the exposure time we focused on: we aimed at assessing the risk of maternal smoking during pregnancy and not before or after pregnancy. However, it is unlikely that a woman smokes during pregnancy and stops at birth. Hence, the observed risk is most likely confounded by exposure of the child to second hand smoke from the smoking mother, or from other household members. Most studies did not ascertain the smoking status of the mother or other household members after birth. Also, exposure of the pregnant woman to passive smoking due to other household members was not taken into account in the reviewed studies. Exposure to environmental tobacco smoke or via breastfeeding would potentially contribute to the development of cancer.

Leave-one-out sensitivity analysis was conducted omitting one study at a time, and this suggested that no specific study influenced the pooled estimate. The pooled estimates did not change significantly, regardless of which study was omitted. This supports the robustness of the pooled risk estimates. Publication bias as evaluated by Egger's plot did not indicate significant publication bias for neither the positive nor the negative findings.

Results in context of previous meta-analyses {#sec023}
--------------------------------------------

This meta-analysis is an update of previously conducted meta-analyses. By carefully considering all original studies used in previous meta-analyses, we ensure that previous work is included in our analysis. The risk estimates of our analysis are directly comparable between different cancer types, since the same inclusion criteria and methods have been applied. In a first comprehensive meta-analysis Boffetta and colleagues \[[@pone.0165040.ref011]\] analysed all childhood cancer cases grouped no matter which cancer subtype it was. They observed an increased risk for all types of childhood cancer analyzed together \[RR: 1.15 (95% CI: 1.05, 1.19)\]. No association with nervous system tumors or Wilms' tumors was found, which is partly contradicting with our results. Our analysis suggests an increases risk for brain and nervous system tumors and neuroblastoma, but this was not observed in the previous work \[[@pone.0165040.ref013], [@pone.0165040.ref097]\]. This can partly be explained by the fact that we excluded several original studies included in their work, since the study populations overlapped with bigger, epidemiological studies, which were published after Boffetta's meta-analysis was reported. A meta-analysis focusing on childhood lymphoma reported increased risk for non-Hodgkin lymphoma, but it did not suggest any association with Hodgkin lymphoma or all lymphoma types combined \[[@pone.0165040.ref098]\]. In our analysis, non-Hodgkin's lymphoma and any other type of lymphoma were associated with maternal smoking. Klimentopoulou et al. \[[@pone.0165040.ref099]\] reported no significant association in meta-analyses with ALL or AML \[OR: 1.03 (95% CI: 0.95, 1.12) and OR: 0.99 (95% CI: 0.90, 1.09), respectively\], which is in agreement with our pooled risk estimates. On the other hand, Yan et al. \[[@pone.0165040.ref011]\] found a slight increase in the risk for ALL due to maternal smoking \[OR: 1.10 (95% CI: 1.02, 1.19)\]. Again, a possible explanation can be the stricter exclusion of overlapping study populations in our work compared with Yan et al. \[[@pone.0165040.ref012]\].

Implications for future studies {#sec024}
-------------------------------

Reaching a sufficient study size can be a challenge, since maternal smoking does not affect the majority of children in combination with a low cancer incidence in early life. Data, which are collected routinely in health registers, enable the use of high numbers of mother-child pairs. Hence, all children born in a specific country should be included in the corresponding birth register that includes information concerning the pregnancy, including the smoking status of the mother. We believe that the use of such routinely collected health data in medical registers is the most promising approach, since the smoking information is collected during the first pregnancy checkup visit (at least in the Nordic countries). Depending on the country and the year, the smoking data are either dichotomous or categorized to smoking per day. By linking the registers, for example birth register or birth certificates with cancer registers, high numbers of data can be easily collected, without the need to contact health care professionals and mothers. This decreases the time and costs of data collection, since no interviews and questionnaires are needed. Furthermore, as the study population is the population of the country, the issue of selecting a cohort or cases and controls representing the target population is omitted. Another remaining open issue is the investigation of genetical susceptibility, especially in terms of genes modifying the effects of smoking and those which predispose to malignancies, potentially modifying the effects of carcinogenic insults. Results might give insights into the mechanisms of initiation of childhood cancers due to prenatal cigarette smoke exposure.

After our article was submitted, two prospective, population-based studies have been published. Our work is in good agreement with the results of the study by Heck and colleagues (2016) \[[@pone.0165040.ref100]\] for leukemia, nervous system, and neuroblastoma. For Wilms' tumor and hepatoblastoma their estimates are substantially higher, but still do not reach significance. We do not expect that the inclusion of the study would have altered any of our results from statistical significance to non-significant or vice versa. The study by Momen et al. (2016) \[[@pone.0165040.ref101]\] is smaller compared to the study by Heck \[[@pone.0165040.ref099]\]. For leukemia the results are well comparable with the results of our meta-analysis, and therefore we do not expect that inclusion would have altered our results significantly. Their study reports no statistical significance for non-Hodgkin's lymphoma, yet their confidence interval is very wide (95% CI:0.28--4.49), and the result is based on only 4 cases. We do not expect that this would have changed the result of our meta-analysis to a statistically non-significant risk estimate. Our pooled estimate for nervous system tumors was borderline significant (95% CI: 1.02--1.17). Momen et al \[[@pone.0165040.ref101]\] report a risk estimate of 0.75 (95% CI: 0.47--1.20). It is only based on 22 cancer cases. Due to the small study size and high variance in the estimate, it seems likely that it would have enough weight in our analyses to decrease our pooled risk estimate into statistical non-significance.

Biological plausibility {#sec025}
-----------------------

Although it seems biologically plausible that *in utero* exposure to tobacco smoke is associated with an increased risk for childhood cancers, epidemiological studies have so far failed to produce strong and consistent results to establish such a causal relationship. Smoking has long been established as a cause for cancers in adults, such as cancer of the lung, urinary bladder, esophagus, oral cavity, larynx, kidney, pancreas and liver. Passive smoking has been classified as a Class I carcinogen causing lung cancer in humans by the International Agency for Research on Cancer (IARC). Cigarette smoke contains more than 5300 constituents and according to IARC, for 70 of them there is sufficient evidence for carcinogenicity in laboratory animals or humans \[[@pone.0165040.ref005]\]. Placental barrier with transporter proteins, as well as xenobiotic metabolism of the mother, the unborn child and the placenta determine the exposure of the offspring to different chemicals \[[@pone.0165040.ref008], [@pone.0165040.ref102]\].

There are several proposed mechanisms to how cigarette smoke contributes to cancer development after prenatal exposure. The generation of reactive oxygen species (ROS) causes oxidative damage and interferes with cell signaling pathways. Animal models using Syrian hamster showed transplacental carcinogenesis caused by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone exposure. It is one of the IARC Class I carcinogens in cigarette smoke, and it has been detected in urine of newborns of smoking mothers, indicating a direct exposure of the unborn child to the carcinogen \[[@pone.0165040.ref102]\]. Another constituent of cigarette smoke, nicotine, causes the addictive characteristics of cigarettes. It crosses the blood-placenta barrier and binds to nicotine acetylcholine receptors, which are widely expressed in the fetal nervous system \[[@pone.0165040.ref009]\]. Evidence is emerging that nicotine can damage the genome, disrupt cellular metabolic processes, amplify oncogenes, inactivate tumor suppressor genes, and in this way promote a cancer-supporting environment \[[@pone.0165040.ref010]\]. The carcinogenic polycyclic aromatic hydrocarbon (PAH), benzo(a)pyrene in cigarette smoke has been shown to cross human placental barrier \[[@pone.0165040.ref103]\]. Evidence from animal studies supports the increased cancer risk by PAHs observed in epidemiological studies \[[@pone.0165040.ref004]\]. Whole body exposure of pregnant strain H mice to mainstream cigarette smoke was shown to significantly increase the incidence of cancer in the offspring compared to non-exposed controls. The cancer incidence was even higher in mice exposed both prenatally and neonatally \[[@pone.0165040.ref104]\].

The complexity of prenatal exposures and disease onset later in life makes it difficult to study the effects of maternal smoking on the risk of cancer development in early life. The association is modified by co-exposures and polymorphisms in genes coding for enzymes responsible for activation or detoxification of carcinogens and other chemicals. If there is only a slight increase in the risk, an inadequate number of cases or exposure misclassification can already mask the true risk. Thus far, only very few studies, with a relatively small number of cases, have analyzed drug metabolism or transporter polymorphisms in order to investigate if the effect of maternal exposure differs between genetic sub-populations. For example, genetic polymorphisms in the CYPA1 gene \[[@pone.0165040.ref105]\] or ABC-transporters \[[@pone.0165040.ref106]\] may modify the effect of smoking. Furthermore, germline variants in genes, for example CEPBA, GATA2, RUNX1 and TP53, are associated with a predisposition to hematological malignancies, potentially modifying the effect of carcinogenic insults, such as those of the tobacco smoke \[[@pone.0165040.ref107]\].

Additionally, it has to be taken into account that embryonic development is a tightly regulated combination of differentiation, proliferation and apoptosis of cells. This process is very strictly controlled by signaling pathways and transcription factors, which can be easily disturbed. Whichever error occurs during DNA duplication, in that time period such an error will manage to be imprinted in the DNA of a high number of subsequent cells. These errors might not directly lead to cancer, but can increase the susceptibility of cells to later insults of carcinogens \[[@pone.0165040.ref102]\].

Conclusions {#sec026}
===========

According to our meta-analysis, maternal smoking is associated with brain or CNS cancers and potentially lymphomas, but not with leukemia in early life. For five other cancer types the number of cancer cases in the included studies was limited, and we cannot exclude the possibility of maternal smoking as a risk factor for these cancer types in offspring. Most studies included in this meta-analysis are of case-control design relying on retrospectively collected smoking information. Thus, there is a strong likelihood of recall bias in most studies, and the results have to be interpreted with caution. Dose-response analyses did not reveal a clear relationship. Due to the heterogeneity and uncertainties in broad exposure categories a detailed analysis of specific trimesters in combination with smoking amount was not possible. Further research is needed in order to identify clear sensitive windows of exposure and possible dose-response relationships. Future studies should be included in the meta-analysis to facilitate sufficient statistical power for subgroup analysis. Additionally, effect modifiers, genetic polymorphisms and co-exposures should be similarly taken into account.
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ALL

:   acute lymphoblastic leukemia

AML

:   acute myeloblastic leukemia

BPDE

:   benzo\[a\]pyrene diol epoxide

CI

:   confidence interval

CNS

:   central nervous system

CPD

:   cigarettes per day

HR

:   Hazard ratio

IARC

:   International Agency for Research on Cancer

PAH

:   polycyclic aromatic hydrocarbon

PNET

:   primitive neuroectodermal tumor

OR

:   odds ratio

ROS

:   reactive oxygen species

RR

:   risk ratio

SE

:   standard error
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